Abstract. The occurrence and chemistry of immiscible silicate glasses in a tholeiite mesostasis from the Umtanum formation, Washington, were investigated with transmission electron microscopy and analytical electron microscopy (TEM/AEM). TEM observation reveals isolated, dark globules (2.1 micron or less in diameter) randomly distributed in a transparent matrix glass interstitial to plagioclase laths. The globules less than 0.3 micron and larger than 0.8 micron fall beyond the linear relationship defined by the 0.3-0.8 micron globules in a plot of the logarithm of number versus size. Large globules (0.7 micron or larger in diameter) range from homogeneous to heterogeneous in optical properties and chemistry. Homogeneous globules are completely glassy, whereas heterogeneous globules contain crystalline domains. AEM analyses show that the globules have high Si, Fe, Ca, and Ti with subordinate Mg, A1, P, S, C1, K, and Mn, which gives high normative fa, px, il, and ap. The matrix glass consists dominantly of Si with low A1 and minor Na and K, yielding a high normative qz, or, ab, and an. It is proposed that the silicate liquid immiscibility occurs by reaction of network-modifying cations (NMCs) with dominantly chain-like anionic units in the parental melt to form less polymerized, NMC-bearing units and highly polymerized, Si-rich units. The globules nucleated metastably under supercooled conditions, and medium-size globules become either larger or smaller at lower temperatures. Internal nucleation of NMC-rich phases occurred in some larger globules upon cooling.
Introduction
The immiscibility of silicate liquids has received considerable attention in igneous petrology and in ceramic sciences. Stable and metastable immiscibility fields have been discovered in many glass-forming systems (see Levin (1970) for a review). In igneous petrology, although their implication on petrogenesis of silicate rocks is still disputed, the occurrence, chemistry, and phase relations of immiscible liquids have been studied extensively in both lunar and terrestrial basalts and experimentally in multicomponent sili-cate systems (Roedder 1979; Philpotts 1982) . Silicate liquid immiscibility has also been discussed in light of melt structure (Hess 1980) and thermodynamics (Charles 1969) .
Although naturally occurring immiscible glasses are well known in terms of their chemistry, no conclusive studies have been made on the physical processes and mechanisms involved in liquid immiscibility in igneous systems. The kinetics of immiscibility have been demonstrated to be better understood with TEM studies (Ohlberg and Hammel 1965; James and McMillan 1970; Burnett and Douglas 1970) . The immiscible glasses in the present study are suitable for AEM analysis because they are typically micron-sized, which approaches the limit of microprobe investigation.
In this paper, we report and discuss the results of a first TEM/AEM study on the immiscible glasses in a natural tholeiite. The detailed observation of submicroscopic features in these glasses and comparison of AEM analyses with microprobe data on other similar immiscible glasses were made, and the conditions and physical processes involved in the formation of immiscible liquids evaluated.
General petrography
The Umtanum formation of the Columbia River Basalt is composed of several units of tholeiitic lava flows with a total thickness of approximately 70 m (923-990 m below the surface of the Pasco Basin area, Washington; Myers et al. 1979) . The samples subjected to the present study are from the 938.2-938.5 m level of the well DC-6 at Hanford Site, Washington. These dark gray tholeiites have a fine-grained, homogeneous lithology. In thin section, these rocks display a hyalo-ophitic texture characterized by the presence of abundant plagioclase laths (typically on the order of 0.01 mm in width), less abundant, subequant augite grains (approximately 0.01 mm across), and a small amount of olivine microphenocrysts in a matrix composed of immiscible glasses. Plagioclase laths frequently show flow lineation. Plagioclase phenocrysts (approximately 0.1 mm in width) are occasionally present, whereas titanomagnetite grains (approximately 0.02 mm across, many show hopper or skeletal morphology) are ubiquitous. Alteration of olivine, augite, and glass is localized along the fracture contacts. Spherical to ellipsoidal vesicles are occasionally present, and some large vesicles are filled with zeolites. The bulk composition of this tholeiite unit is given in Table 1 .
Sample preparation
Double-polished thin sections were prepared using a heat-sensitive crystal-bond as the adhesive. Upon microscopic observation, appropriate areas were selected and enclosed by aluminum washers (3 mm o.d., J.5 mm i.d., and 0.25 mm thick) epoxied to the surface nd: not detected; tr: only trace amount present a contaminated by plagioclase of the thin section. The washers with the samples were then removed by heating the thin section, and the samples were subjected to ion milling for typically about 10 h, resulting in a circular thin edge around a hole at the center of the sample which is appropriate for TEM observation and AEM analysis. A total of 6 samples from two thin seclEions were prepared for the present study.
Occurrence of immiscible glasses

General observation
Typical occurrence of the immiscible glasses is illustrated in Fig. 1 . This is characterized by the presence of isolated globules (black) randomly distributed in the homogeneous, transparent matrix glass (white, and gray when thicker) which is interstitial to plagioclase laths. The globules vary in size from less than 0.2 micron to as large as approximately 2 microns, with the small globules being much more abundant than the large ones (Fig. l a) . The globules (especially small ones) are generally spherical in shape, even for those very close to the plagioclase laths (Fig. J b) . This, together with the uniform population of the globules throughout the matrix glass, indicates that the globules did not form by nucleation on the existing plagioclase surfaces. In addition, no correlation between the globule size and distance from the plagioclase laths could be detected. Large globules range from homogeneous to heterogeneous in optical properties. Several heterogeneous globules are indicated by arrows in Fig. 1 a.
Detailed features of the globules
The most significant feature of the globules is their wide range of optical properties under TEM observation (Fig. 2) . Homogeneous globules are marked by a perfectly smooth outline with uniform image throughout the interior (3 in Fig. 2a, b) . Energy-dispersive analyses in traverses across these globules indicate that they are chemically homogeneous without detectable zonation. Electron diffraction patterns reveal that they are completely glassy. The onset of optical heterogeneity can be seen in the globules numbered 2 and 4 in Fig. 2a and in Fig. 2c . The outlines of these globules are slightly ragged, and the image in the interior is no longer uniform. Furthermore, it appears that the heterogeneity is initiated along the periphery of the globule (Fig. 2c) , implying that the heterogeneity is mainly caused by the nucleation of crystalline phases at the globule-matrix glass interface. Energy-dispersive spectra indicate that these glasses are chemically less homogeneous than the completely glassy globules. Electron diffraction patterns, however, indicate that these globules are noncrystalline, which may be due to the extremely low degree of crystallization and very small sizes of the nuclei.
The globule 1 in Fig. 2a displays a higher degree of These heterogeneous globules are composed if irregularly sized and shaped domains of crystallites which is manifested by the irregular electron diffraction patterns (e.g. Fig. 2g ) and pronounced chemical heterogeneity of the globule as a whole. No positive identification can be made on the species of these crystallites. In one set of energy-dispersive spectra taken across a globule ( Fig. 2f ) a covariation between Ca and P was recognized, indicating the possible presence of apatite as one of the crystalline species. The overall sphericity of these globules suggests that the crystallites were formed by nucleation inside the originally homogeneous, glassy globules.
Size distribution of the globules
The sizes of 1089 globules from 9 TEM photographs have been measured to establish the statistics of size distribution.
A maximum diameter of the circular image was adopted for each globule. This diameter must represent the true diameter of the spherical globule, because all the globules are much smaller than the thickness of the thin section (approximately 20 microns) and the globules were more resistant to ion milling than matrix glass. The sizes of globules were then grouped into 0.1-micron intervals, and the total number of globules within each size interval was plotted. For sizes of 0.1 micron or less, an interval of 0.05 micron was used. The size of the globules ranges from less than 0.05 micron to over 2 microns, with a negative correlation between the size and the number of globules (Fig. 3 ). Only one globule was found larger than 2.1 microns. A linear correlation exists between the logarithm of the number and the size for the 0.3-0.8 micron range, whereas the numbers of the globules outside this range are larger than those corresponding to this linear relationship.
93
Chemistry of the immiscible glasses
Analytical procedure
AEM analyses were performed in two different schemes : quantitative analysis on immiscible glasses and semiquantitative point counts for concentration gradients in the matrix glass adjacent to globules. A beam size of 0.05 micron and a point interval of 0.03-0.1 micron along a traverse were used for detecting concentration gradients in the matrix glass in areas up to 0.4 micron in thickness. Quantitative analyses, on the other hand, were carried out in relatively thin areas (0.2 micron thick or less) to eliminate matrix effects as encountered in microprobe analyses (Goldstein et al. 1977) , and with a relatively broad beam (approximately 0.1 micron in diameter) primarily for minimizing diffusion of alkali elements (Na and K) during analysis (Knipe 1979; Craw 1981) . Quantitative analyses were performed only on globules larger than 0.5 micron and on matrix glasses with minimal numbers of nearby small globules to avoid contamination as much as possible. The electron microscope (JEOL JEM-100CX) is equipped with a solidstate energy-dispersive X-ray detector with an X-ray spatial resolution of up to 0.03 micron. The instrument is operated at 100 kV and 100 microamps.
Quantitative AEM analyses of immiscible silicate glasses were obtained following the "ratio method" (Cliff and Lorimer 1975 ; Lorimer and Cliff 1976) . Intensity ratios between Si and other elements were determined by measuring the peak area defined by each element in an energy-dispersive spectrum with a planimeter (appropriate background subtracted). The concentration ratios between Si and other elements were then calculated with the relationship
where Ii and Isl are measured peak areas for an element i and for Si, respectively, and Ci and Cs~ are the concentrations of the elements i and Si in the unknown. For any given element, a constant k~ was calculated from an appropriate standard with accurately known composition using the same equation as described above. The calculated C~ values and the Cs~ (equal to 1) for the unknown were then normalized to 100 wt%. Because the count rates on thin samples are low (several tens to several hundreds cps), about 10 spectra from one area were typically accumulated to obtain an analysis (Blake et al. 1983 ). The standards used in the present analysis were adularia (A1, K), labradorite (Na, Ca), fayalite (Fe), clinochlore (Mg), and sphene (Ti). The k-values for Mn and P were estimated from the standard curve of k-value versus atomic number for 100 kV operating voltage (Lorimer and Cliff 1976) .
Because the thickness of the samples analyzed are well within the limit of "thin film criteria" (Goldstein 1979; Zaluzec 1979) , no absorption or fluorescence correction is necessary. Considerable effort was made to minimize the generation of spurious X-rays from objects other than the samples (Allard and Blake 1982) . Analytical uncertainties of I percent relative and 5 percent relative for major and minor elements, respectively, are calculated based on counting statistics. Additional inaccuracy on the analysis of Na and K is present due to diffusion induced by the electron beam. The overall analytical error in normalized data due to these inaccuracies is estimated to be about 2 percent relative.
Chemical compositions of the immiscible glasses
The energy-dispersive spectra (Fig. 4) show that the globules are charaterized by high Si, Fe, Ca, and Ti with subordinate Mg, A1, P, S, C1, K, and Mn, and the matrix glasses consist dominantly of Si with low A1 and minor Na and K. The presence of trace amounts of Ca, Ti, and Fe in the matrix glass is due to contamination by small globules, which is difficult to avoid because of the dense population of small globules throughout the matrix glass (see Fig. 1 ). Stars: this study (homogeneous globules: two overlapped stars, heterogeneous globules: two separated stars less Fe-rich than the other two), triangles: Rattlesnake Hill basalts (Philpotts and Doyle 1983) , ovals: andesites from Usu Volcano, Japan, and Steinerne Mann, Germany (Philpotts 1981) , lozenges: Hawaiian tholeiites (Philpotts 1982) , circles and inverted triangles: lunar basalts Weiblen 1971, 1972) , semicircles: lunar basalts (Hess et al. 1975) , diamonds: experimentally produced immiscible Skaergaard liquids (McBirney and Nakamura 1974), squares: experimentally produced immiscible liquids from a 1:1 mixture of jotunite and quartz mangerite (Philpotts 1981) Heterogeneous globules show a larger compositional variation than homogeneous globules (Table 1) . For example, one heterogeneous globule (column 3) has lower Ti and higher Si contents than the other (column 4). Energydispersive spectra across the former globule show that Ti is concentrated outside the area from which the AEM analysis was obtained, which is consistent with the TEM observations that the heterogeneity is associated with the presence of crystallites inside the globule. The nature of this heterogeneity can be further evaluated by comparing the individual analyses of heterogeneous and homogeneous globules. The Fe contents of heterogeneous globules are considerably lower than those in the homogeneous ones, indicating fractionation of Fe within the heterogeneous globules. The crystallization of magnetite may be largely responsible for this fractionation, which results in enrichment of Si, A1, and K in the center of the heterogeneous globule from which AEM analyses were obtained. The Ca and P contents in heterogeneous globules are also distinctly higher than those in homogeneous ones, indicating that apatite is another possible crystalline phase. The Ti contents in heterogeneous globules are highly variable, and Ti may form ilmenite or rutile.
One of the two analyses on matrix glasses (column 5) is very close to that of many other high-Si glasses (McBirney and Nakamura 1974; Philpotts 1981 Philpotts , 1982 Philpotts and Doyle 1983) , whereas the other has relatively high A1, Ca, Na, K, and Fe and low Si contents. The high A1 and Ca associated with low Si indicates that the latter analysis is contaminated mainly by the adjacent ptagioclase. The analysis in column 5 is, therefore, suggested to be representative of the matrix glass chemistry.
The immiscible glass compositions obtained from this study and from microprobe analyses in the literature are compared in Fig. 5 . The most pronounced difference from this comparison is that the globules in the present study are relatively Fe-rich and Si-poor, resulting in a larger compositional difference than that defined by other data and by the immiscibility gap.
Concentration gradients near the globules
The evaluation of concentration gradients across the phase boundaries is essential for determining the rate-controlling process of phase transformation. With the AEM technique, a spatial resolution of 0.05 micron can be obtained for point analysis, which is uniquely suitable for detecting such gradients near small particles such as high-Fe globules. In the present case, however, such measurement is not straightforward, as contamination from small globules is very difficult to avoid; the concentration gradient near a given globule may be disturbed by other nearby globules, and an area with uniform thickness is necessary for consistent analyses. Figure 6 presents the best result from our efforts. Increase in A1 and decrease in Fe, Ca, and K relative to Si in the matrix glass next to the globule are clearly shown, whereas no concentration gradients within the homogeneous globule can be defined. The enrichment of A1 near the globule is expected, because A1 concentration is higher in matrix glass than in globule; the opposite is true for Fe and Ca. The depletion of K near the K-poor globule is consistent with the behavior of alkali diffusion in silicate systems (Sato 1975) .
No comparable analyses can be made closer than 0.05 micron from the interface, because this region is significant- distance, pm Fig. 6 . Concentration gradients for At, Fe, Ca, and K in the matrix glass adjacent to a large globule (1.6 micron across). The traverse is indicated by the dotted line in the photograph, with the interface marked by 0. The solid rectangle at the lower right indicates the range of uncertainties in peak-area measurement and distance for each point analysis ly thicker than the outer region (count rate 300 cps versus 70cps). Therefiare, interface compositions and, consequently, partition coefficients at the interface cannot be determined with reasonable certainty. In addition, no attempt has been made to assess other information related to diffusion because the concentration profiles may be modified by other nearby diffusion regimes (for example, note the other smaller globule to the left of the traverse in Fig. 6 ).
Discussion
Origin of liquid immiscibility
There are two major types of liquid-liquid phase separation in silicate systems: those caused by nucleation and those by spinodal decomposition (Doremus 1973) . In a spinodal regime, phase separation is driven by small chemical fluctuation in the originally one-phase melt which lowers the free energy of the system, namely AG=G" Co(AC) 2 (Shewmon 1969) , where AG is the change in free energy; G" is defined as d2G/dC 2 and is negative in the spinodal 95 region; C is composition; Co is the bulk composition; and AC is the fluctuation of composition. Because increase in AC further lowers the free energy of the system, spinodal decomposition is characterized by the formation of two structurally similar domains with similar volumes, with the dimensions of the domains related to the rate of diffusion of the components. Because the compositions in both domains vary continually, there is no definable boundary between the two phases during the process of decomposition. The compositions in both domains vary with time, and concentration gradients are present in both domains until a final equilibrium is attained. Nucleation, on the other hand, involves the formation of nuclei of the thermodynamically stable (or, in some cases, metastable) phase from the parental melt (Kirkpatrick 1981) . These nuclei, with definitive chemistry and structure and thus boundary, are initially very small in volume and amount and will grow or disappear through time. Unless the nuclei are formed from a melt with identical composition, a concentration gradient must develop in the parental melt near the interface of a growing nucleus. Because of its high surface-to-volume ratio, a nucleus becomes stable only after a critical size is reached. According to classical nucleation theory, the critical size is a function of supercooling and the surface energy of the nucleus. In liquid-liquid phase separation, the nuclei formed must be spherical, because it is the most stable configuration.
In the present case, the globules are spherical and have various sizes, the concentration gradients are present in the matrix glass but absent in the homogeneous globules, the distinctly different chemistries of globules and matrix glass suggests diverse structures of these phases. All these clearly indicate that the immiscibility occurs by nucleation of highFe globules from an originally homogeneous melt.
Controlling factors of silicate liquid immiscibility
The premise for the onset of immiscibility is the presence of two free energy minima in a given system. Most igneous melts can be considered as mixtures of SiO2 and metal oxide molecules, and the thermodynamic properties in such systems can be approximated by an ideal mixing model. The dominant reaction in the mixing process is Charles (1969) demonstrated that in most silicate systems, the entropy of mixing as a function of metal oxide fraction has two maxima only for 0 < k < 0.01, whereas the enthalpy of mixing as a function of metal oxide fraction takes the form of a smooth, U-shaped curve. This indicates that immisicibility can occur only in melts with low k values, which correspond to those with chains of silica tetrahedra as dominant structural units (i.e., high concentration of nonbridging oxygens). No immiscibility can be expected in highly siliceous or highly metalliferous melts, because the concentrations of bridging and free oxygens, respectively, are too high. Orthosilicate melts (those composed dominantly of isolated silica tetrahedra) also do not have immiscibility fields, because k approaches zero. The total energy barrier (short-dash curves) is composed of a volume energy (4~r3AG~/3, where AG~ is the difference between the free energy of the nucleus at a given supercooling and at equilibrium per unit volume) and a surface energy (solid curve) term. The amount of AG* is indicated for the case of smaller supercooling. Note that for both supercoolings AG(r) first increase until the critical sizes, r*, are reached and then decrease. In classical nucleation theory AG* is proportional to 73~(AT) 2 and r* to 7/AT In this context, the occurrence and extent of immiscibility is controlled by the factors which control the melt structure. The most important factor, therefore, is the nature and abundance of metallic ions ionic strengths (referred to as network-modifying cations (NMCs), such as Mg, P, S, C1, Ca, Ti, Fe 2+, and Fe 3+) (Mysen etal. 1982) and other factors influencing the speciation of these cations (for example, oxygen fugacity which buffers the Fea+/Fe 2+ ratio). Aspects of the roles of these factors on silicate liquid immiscibility have been experimentally investigated and discussed (Hess 1980; Naslund 1983) . It should also be noted that the theory developed by Charles (1969) is based on the assumption of ideal mixing behavior of the melt, whereas a regular solution model (Ghiorso and Carmichael 1980) might be more suitable for thermodynamic modelling of the mixing behavior in igneous melts.
Mechanisms of silicate liquid immiscibility
It has been demonstrated in the previous section that immiscibility most likely occurs in melts composed mainly of chains of silica tetrahedra, and that immiscibility results in two liquids having higher and lower degrees of polymerization, respectively, than that of the parental melt. The physical process responsible for such changes in melt structure can be expressed by an example: 3Si20 2-+ Ti 4+ = 5sin 2 -~ sin 4 +TiO44-chain NMC framework monomers (Mysen et al. 1982) . The essential mechanism in such a reaction is the release of part of the nonbridging oxygens from the chain units to form NMC and silica monomers, with the chain units turning into framework units by sharing the rest of the nonbridging oxygens. It is therefore necessary that the NMCs have high ionic strengths to incorporate the nonbridging oxygens. Cations with low ionic strengths (such as K and Na) are unable to do so, and thus are retained in the highly polymerized structure. The physiochemical result of such reactions is the separation of a melt composed dominantly of NMC and silica monomers (highly depolymerized) from the parental melt, leaving behind the melt consisting mainly of three-dimensional framework of silica and alumina tetrahedra with interstitial cations with low ionic strengths (highly polymerized).
Conditions for the formation of immiscible glasses in Umtanum basalts
As mentioned earlier, the AEM data plot considerably outside the field of stable immiscibility proposed by Naslund (1983) . Freestone (1978) found that the addition of 1 mole percent P205 and 3 mole percent Tin2 to the system fayalite-leucite-silica at fO2 = 10-1 s.2 yields an immiscibility gap significantly wider than that obtained by Roedder (1951) . However, Naslund (1983) , by adding various amounts of Ca, A1, Mg, P, Ti, and Mn to the system KA1Si3Os-FeOFe203-SiOz at fOz= 10 -~ found that these cations have various effects on the extent of immiscibility: Ca and Mg appreciably narrow the gap, whereas Ti, Mn, and P shift the gap towards the high-Si side of the join SiO2-MO (where M represents NMCs). The low-Si end of the gap reaches the position indicated by AEM analysis (around 30 wt% sin 2 in Fig. 5 ) only at fO2= 10 -5 (Naslund 1983) , which is too oxidized for natural basalts (on the other hand, see Freestone and Powell (1983) for different results). Because the NMCs have nonadditive effects on the extent of immiscibility, Naslund's results indicate hat the size of the immiscibility gap will not change much for natural basaltic melts from that shown in Fig. 5 . It follows that the compositions of the homogeneous globules and matrix glasses represent those on the metastable extension of the limbs of the immiscibility solvus, indicating that the liquid immiscibility in the Umtanum basalt occurred at temperatures lower than those for the stable immiscibility, and that the globules were nucleated from the parental melt under supercooled conditions. The maximum supercooling along the join defined by the Umtanum immiscible glass compositions in the system leucite-fayalite-silica is about 160 ~ C, whereas the corresponding temperature range for stable immiscibility is about 50 ~ C (Visser and Koster van Groos 1979) . Given a melt at a supercooling AT (defined as Tliquidus-Tactual), the formation of nuclei is initially associated with an energy barrier which is a function of supercooling, the surface energy of the nuclei (~,), the volume free energy of the nuclei (A Gv), and the size of the nuclei (Fig. 7) . The energy barrier is larger for larger nuclei until a maximum energy, AG*, is reached, with a corresponding size r*, called critical radius, of the nuclei. Beyond this point, further growth of the nuclei lowers the free energy of the system, thus the nuclei become stable, and crystal (or liquid) growth occurs. For nuclei smaller than r* (often called embryos), however, there is a much higher probability for these embryos to shrink than grow, and thus the successful development of a nucleus with a size larger than r* is entirely fortutious. The size distribution of the embryos during the incipient stage of nucleation has been developed by Volmer and Weber and subsequently modified by Becket and Doting (see Christian (1975) (Kashchiev 1969) , where Nr is the number of the embryos with a size r, N is the number of molecules in the system, AG(r) can be expanded as
where AG O is the standard free energy for nucleation, k is the Boltzmann constant, T is temperature, s is a measure of supersaturation of the system, and b is a constant. It follows that, at a certain supercooling, the plot of log Nr against r should be a straight line with a negative slope for small embryos. That slope becomes more negative when r* is approached, because the theory of Becker and Doring assumed an equal probability for the nuclei with a size r* to shrink and to grow. Figure 3 shows, however, that the linear correlation between log Nr and r exists only for the 0.3-to 0.8-micron globules. Both smaller and larger ones are more abundant than predicted for isothermal conditions. At larger A T (i.e., lower T), however, A G* becomes smaller, and the medium-sized embryos formed at higher temperatures become unstable, because they have higher values of AG(r) (Fig. 7) ; they must either shrink back to smaller embryos or grow into larger ones. This redistribution of embryo population upon continual temperature decrease results in much more abundant smaller embryos and relatively less abundant larger ones, because a much greater material supply is needed to grow a larger embryo, and only the ones which grow fast and large enough can become stable. We suggest, based on Fig. 3 , that the nucleation of the globules in the parental melt occurred over a period of cooling. Only the globules larger than about 0.7 micron are truly stable nuclei; those smaller than 0.7 micron are unstable embryos. The presence of concentration gradients near the globule-matrix glass interface (e.g. Fig. 6 ) clearly indicates the diffusion-controlled growth of large globules.
We also propose that, during this period of cooling, nucleation and growth of NMC-rich phases (magnetite, ilmenite, apatite, rutile, and perhaps others) results in slightly Si-rich residual liquids with optical and chemical heterogeneity in some stable globules. It is expected that not all the stable globules would crystallize because nucleation is a random process.
The globules in this study tend to be smaller and more NMC-rich relative to those from many published studies (Fig. 5) . For globules grown under near-equilibrium conditions, the convexity of the immiscibility solvus dictates that they should become progressively NMC-rich upon growth, thus larger globules should also have higher NMC contents. On the other hand, under moderately supercooled conditios, the nucleation rates become higher but growth rate lower with increasing supercooling, hence the globules formed at higher supercooling (lower temperature) should be more numerous and more NMC-rich but statistically smaller in size. The consistency between the latter intepretation and the present observation, therefore, indicates that the chemical diversity between high-NMC and high-Si liquids is likely to be a function of supercooling under otherwise similar conditions. Moreover, skeletal or dendritic magnetites, which indicate disequilibrium crystallization (Kirkpatrick 1981) , are associated exclusively with immiscible glasses in most natural basalts (Philpotts 1982) .
Hence, although subjected to debate (Biggar 1979 vs. Philpotts and Doyle 1980) , the effects of supercooling on the nature of liquid immiscibility should be investigated in further detail.
